Water table temperatures inferred from dissolved noble gas concentrations (noble gas temperatures, NGT) are useful as a quantitative proxy for air temperature change since the last glacial maximum. Despite their importance in paleoclimate research, few studies have investigated the relationship between NGT and actual recharge temperatures in field settings. This study presents dissolved noble gas data from a shallow unconfined aquifer heavily impacted by agriculture. Considering samples unaffected by degassing, NGT calculated from common physically based interpretive gas dissolution models that correct measured noble gas concentrations for ''excess air'' agreed with measured water table temperatures (WTT). The ability to fit data to multiple interpretive models indicates that model goodness-of-fit does not necessarily mean that the model reflects actual gas dissolution processes. Although NGT are useful in that they reflect WTT, caution is recommended when using these interpretive models. There was no measurable difference in excess air characteristics (amount and degree of fractionation) between two recharge regimes studied (higher flux recharge primarily during spring and summer vs. continuous, low flux recharge). Approximately 20% of samples had dissolved gas concentrations below equilibrium concentration with respect to atmospheric pressure, indicating degassing. Geochemical and dissolved gas data indicate that saturated zone denitrification caused degassing by gas stripping. Modeling indicates that minor degassing (,10% ÁNe) may cause underestimation of ground water recharge temperature by up to 2°C. Such errors are problematic because degassing may not be apparent and degassed samples may be fit by a model with a high degree of certainty.
Introduction
Dissolved noble gases (He, Ne, Ar, Kr, and Xe) provide unique and valuable information in hydrologic studies. The conservative behavior of noble gases allows estimation of water table temperatures at the time of ground water recharge (noble gas temperatures, NGT) as well as ground water ages. NGT are particularly important in paleoclimate research for quantifying the temperature difference from the last glacial maximum (LGM, 23 to 18 ka BP) to present (e.g., Farrera et al. 1999) . NGT are also used in studies to quantify mountain front/block recharge (e.g., Manning and Solomon 2005) .
It is common for ground water to contain dissolved gas concentrations greater than equilibrium concentration with respect to atmospheric pressure. The additional dissolved gas is termed ''excess air'' because of its compositional similarity to air (Heaton and Vogel 1981) . Some suggest that excess air may itself be a valuable paleoclimate proxy (Aeschbach-Hertig et al. 2002a; Castro et al. 2007) .
NGT are much more sensitive to concentrations of heavier gases (e.g., Xe, Kr) because the solubility of these gases have much greater temperature dependency.
In contrast, excess air is much more sensitive to concentrations of lighter gases (e.g., He, Ne) because lighter gases are only sparingly soluble (therefore additional dissolved gas causes a large relative change). Accurate determination of excess air is necessary for ground water age-dating using the 3 H-3 He technique (Solomon and Cook 2000) . It is common to measure multiple gases to calculate NGT and excess air simultaneously using an error weighted inverse modeling procedure (AeschbachHertig et al. 1999 (AeschbachHertig et al. , 2000 .
Despite the importance of NGT in paleoclimate research, few studies have attempted to experimentally confirm that NGT accurately reflect water table temperatures (WTT). This deficiency is critical given recent work examining assumptions in NGT calculations (Castro et al. 2007; Hall et al. 2005) . Most noble gas studies report mean annual air temperature (MAAT) and the sampled water temperature. Because sampled wells are rarely screened across the water table, the sampled water temperature represents aquifer temperatures but not necessarily WTT. It is extremely rare for researchers to directly measure WTT in noble gas studies. Holocher et al. (2002) completed a series of laboratory column experiments in which excess air was generated. The NGT matched the column temperature within measurement uncertainty for all samples. Stute and Sonntag (1992) investigated the relationship between NGT and subsurface temperature. NGT at a site near Bocholt, Germany, showed evidence of recharge from two areas (i.e., forest and field/meadow) having different soil thermal regimes. Subsurface temperature data from~1 m above the water table were available from a nearby meteorological station having field/meadow vegetation. No temperature measurements for the forested area were reported. The NGT of ground water recharged in the field/meadow was the same as the measured soil temperature.
In a regional study, Castro et al. (2007) compared calculated NGT to recharge zone ground water temperatures. Although unable to match NGT to ground water temperature using common gas dissolution models, the NGT results matched ground water temperature if subsurface noble gas partial pressures were assumed to be greater than their respective atmospheric partial pressures. Subsurface noble gas partial pressures could be elevated relative to atmospheric conditions from O 2 consumption by biological processes and subsequent dissolution of the produced CO 2 (Stute and Schlosser 2000) . Klump et al. (2007) reported on field-scale noble gas dissolution experiments from two sites. In situ temperatures were not taken at the two study sites; however, subsurface temperatures were inferred from either measuring samples of recently recharged water or using data from a nearby (~20 km) meteorological station. They concluded that calculated NGT accurately reflected in situ soil temperatures.
In each of these three field studies, subsurface temperature data were considered in an attempt to compare NGT to WTT. However, none of these studies incorporated direct measurements of subsurface temperature to examine the relationship between NGT of very young (weeks to years) ground water to WTT.
The objectives of this study were to (1) compare modeled NGT to measured WTT to evaluate potential bias in NGT, (2) compare differences in gas dissolution occurring under two different recharge regimes (higher flux recharge primarily during spring and summer vs. continuous, low flux recharge), and (3) examine the potential impact of degassing on NGT. Improved understanding of gas dissolution processes occurring during ground water recharge will benefit ground water agedating and paleoclimate studies. This study offers the following improvements over the noble gas studies discussed: (1) high frequency measurements of subsurface temperature throughout the unsaturated zone at multiple locations, (2) noble gas concentrations measured at multiple locations across the site, and (3) two different recharge regimes. This study complements recent work from the same site by Singleton et al. (2007) that focused on evidence for saturated zone denitrification and by McNab et al. (2007) that focused on the geochemistry of manure lagoon water. Singleton et al. (2007) present only averages of NGT and excess air for the site and calculate NGT using only Xe data. All analyses of dissolved noble gas data presented in this study are original-revised and expanded from the previous analyses by Singleton et al. (2007) .
Materials and Methods

Study Site
The study site includes a dairy farm and surrounding fields in Kings County, California. The climate is Mediterranean type with hot summers and mild winters (MAAT ¼ 16.6°C). Mean annual precipitation is 170 mm, with 80% falling during the coolest 5 months (November through March). Local meteorological data were obtained from a nearby (~10 km) National Climatic Data Center (NCDC) station. The site has minimal topographic relief (,2 m) and an elevation~70 m above mean sea level. The local geology consists of unconsolidated sediments (primarily sands and silts) that were deposited in a series of alluvial fan systems originating where rivers exit the Sierra Nevada (Weissmann et al. 1999) .
Cropland surrounding the dairy operation is flood irrigated with a combination of ground water and dairy wastewater (i.e., liquid manure). Occasionally water from the Kings River is transported through unlined canals for irrigation. Ground water used for irrigation is drawn from both a shallow perched aquifer ( 25 m below ground surface, bgs) and a deeper aquifer (!40 m bgs). An unsaturated zone separates these two aquifers. Water for domestic use is drawn from the deep aquifer. The water table is~5 m bgs across the site. Ground water flow direction within the perched aquifer is difficult to characterize because of many irrigation wells that pump intermittently and seasonally filled irrigation canals. Deeper regional ground water flow is generally westward toward the center of the valley (Williamson et al. 1989) . Additional details of the study site are given in McNab et al. (2007) and Singleton et al. (2007) . Five sets (locations 1S, 2S, 3S, 4S, and 6S) of small diameter multilevel wells were installed at the site (locations are given in Figure 1 , depths are given in Table 1) as part of related studies Singleton et al. 2007 ). These multilevel well sites are all located on the edges of flood irrigated fields alternatingly planted with corn and wheat, except 2S, which is beside an alfalfa field, and 6S, which is between cattle pens and manure lagoons. A sixth single completion well site (well 5S1) is located in a field~11 m from the study area's main irrigation canal. This 14-m-wide canal is commonly full only during spring and summer months. All wells were 5 cm diameter, except 6S wells, which were 2.5 cm diameter. Screen lengths for these wells were 61 cm.
At three of the six well locations, additional unsaturated zone instrumentation was installed in February 2005. The three instrumented sites span the range of recharge conditions at the site: focused, higher flux recharge from irrigation canal leakage at 5S (recharge occurs during spring and summer only), and lower flux, relatively uniform recharge at 2S and 3S caused by regular flood irrigation. The 2S wells are away from irrigation wells, and 3S wells are between two irrigations wells (~25 and~40 m away) that cause recurrent, local water table fluctuations. The instrumentation was placed at multiple depths in hand-augured boreholes to span the entire unsaturated zone at each location. Each borehole was instrumented with multiple sensors to record hourly measurements of soil temperature and matric potential (heat dissipation sensor model 229-L, Campbell Scientific Inc., Logan, Utah) and soil gas pressure (Druck barometer model RPT410F, Campbell Scientific Inc.). The approximate depths of heat dissipation sensors at each instrumented location were 0.4, 0.6, 0.9, 1.5, 2.4, and 3.9 m BGS. Before installation, heat dissipation sensors were calibrated using both pressure plate extractors and salt solutions (Scanlon et al. 2005) .
Ground water samples were collected from multilevel wells using a portable, submersible pump (Grundfos TM ), with the exception of the smaller diameter 6S wells, which were sampled using a bladder pump. Ground water samples from multilevel wells were analyzed for pH in the field using a Horiba U-22 water quality meter. Cation and anion concentrations were measured by ion chromatography using a Dionex DX-600. Oxygen isotopic composition of water was measured using the carbon dioxide equilibration method for 18 O/ 16 O (Epstein and Mayeda 1953) on a VG Prism II isotope mass spectrometer.
Samples for dissolved noble gas analyses were collected in copper tubing sample vessels (8 mm inner diameter, 250 mm long). Steel clamps pinched the copper tubing flat in two locations to secure the water sample. Dissolved noble gas concentrations were measured as described in Cey et al. (2008) . Analytical uncertainties are approximately 2% for He, Ne, and Ar and 3% for Kr and Xe.
All laboratory analyses of ground water samples were completed at Lawrence Livermore National Laboratory. The McNab et al. (2007) , except for 18 O of lagoon water. The nitrate and dissolved noble gas data presented here were previously reported by Singleton et al. (2007) .
Noble Gas Modeling
The equilibrium concentration, C i,eq , of gas i is given by Henry's law as:
where p i is partial pressure of gas i and H i is Henry's law constant, which is a function of temperature T and salinity S. The total measured concentration, C i , of dissolved gas i is the sum of multiple components:
where subscripts exc, rad, and ter refer to excess air, radiogenic, and terrigenic components, respectively. Helium is commonly excluded from noble gas modeling because of complications that arise from the presence of radiogenic sources such as tritiogenic 3 He (Solomon and Cook 2000) or 4 He from U and Th decay (Solomon 2000) . Calculation of equilibrium and excess air components of He is required to quantify tritiogenic 3 He, which is used to calculate 3 H-3 He ground water ages (Solomon and Cook 2000) . Singleton et al. (2007) found only young (,50 years) ground water in the perched aquifer, which suggests negligible radiogenic components of 4 He, Ne, Ar, Kr, and Xe. It was assumed that 4 He, Ne, Ar, Kr, and Xe did not have significant radiogenic or terrigenic components in the study area (Lehmann et al. 1993) ; however, the deeper aquifer (well 1S5) may contain radiogenic 4 He.
Three physically based models are commonly used to interpret dissolved noble gas concentration data in ground water: (1) unfractionated air (UA) model (Heaton and Vogel 1981) , (2) partial reequilibration (PR) model (Stute et al. 1995) , and (3) closed system equilibrium (CE) model (Aeschbach-Hertig et al. 2000) . The UA model is the simplest because it assumes the excess air component is atmospheric air resulting from complete dissolution of entrapped air bubbles during recharge. The total concentration of gas i as given by the UA model is:
where A d is concentration of dry air dissolved and z i is volume fraction of gas i in dry air. Stute et al. (1995) postulated elemental fractionation in the excess air component (whereby lighter gases are depleted relative to heavier gases) and suggested that this fractionation was caused by complete bubble dissolution followed by diffusive degassing (PR model). The total concentration of gas i as given by the PR model is:
where A d is initial concentration of dissolved excess air, R PR is degree of reequilibration, D i is molecular diffusivity of gas i, and D Ne is molecular diffusivity of Ne. Kipfer et al. (2002) extended the PR model to include multiple dissolution-degassing cycles. Aeschbach-Hertig et al. (2000) suggested that fractionation of excess air results from incomplete dissolution of entrapped air bubbles and fractionation is related to differing gas solubilities (CE model). The total concentration of gas i as given by the CE model is:
where F is a fractionation parameter and A e is initial concentration of entrapped air:
where V g 0 is initial volume of entrapped air, q is water density as a function of temperature T and salinity S, V w is volume of water, P g is pressure of entrapped air, e s is saturation water vapor pressure, and P 0 is standard pressure (1 atm). The fractionation parameter is:
where V g is volume of entrapped air, P atm is atmospheric pressure, v is fraction of entrapped air remaining, and q is the ratio of dry entrapped air pressure to dry atmospheric pressure (which is approximately the pressure on the entrapped air). The UA model is a limiting case for both the CE model (when F ¼ 0) and the PR model (when R PR ¼ 0). CE and PR models can give similar results because underlying physical processes for these two models vary similarly among gases. Peeters et al. (2002) suggested that in addition to noble gas concentration data, isotopic data-especially Ne-are helpful in distinguishing between diffusive degassing (PR model) and incomplete bubble dissolution (CE model).
Addition of excess air has the greatest relative impact on He and Ne concentrations because the equilibrium component is relatively small. A common way to represent the amount of excess air is as percent Ne, ÁNe :
Dissolved gas concentrations may be reduced by degassing after recharge. Just as gas dissolution models are based on solubility (CE model) and diffusion (PR model), degassing can be controlled by solubility or diffusion. Such degassing occurs as a result of the formation of initially noble gas free gas bubbles (e.g., CO 2 , CH 4 , or N 2 ).
In the case of solubility controlled degassing occurring as a single step (DS1 model), the final degassed concentration of gas i is:
where C i * is the initial (predegassing) concentration, B is a degassing parameter, and z i is the concentration of gas i in air. This model is comparable to the CE model, except that the ''entrapped air'' of the CE model is free of noble gases in this case. This model was presented in Brennwald et al. (2003) as the ''one-step degassing model.'' It can be extended to the case of repeated (continuous) gas bubble formation/equilibration (DSC model). The final degassed concentration is (equation 7 in Brennwald et al. [2005] ):
Alternatively, degassing may be controlled by gas diffusion (DD model, Stute 1989) . The final degassed concentration is:
Diffusion controlled degassing is similar to the PR model; however, in this case, the dissolved gas diffuses into a reservoir that is initially free of noble gases. The limiting case of R DD / N is therefore complete transfer of all noble gases from the water to the gas phase. In contrast, the limiting case of the PR dissolution model (when R PR / N) results in minimum gas concentrations equivalent to the equilibrium concentration with respect to atmospheric pressure.
Measured dissolved noble gas concentrations were modeled using NOBLE90, an error weighted, leastsquares fitting, inverse modeling program (AeschbachHertig et al. 1999; Peeters et al. 2002) . NOBLE90 solves for parameter combinations for the selected interpretive model that match measured data within experimental error by minimizing v 2 , the sum of the weighted squared deviations between the modeled and measured concentrations. The ability of the selected model to describe the observed data (i.e., goodness-of-fit of the selected model) is judged on the probability of v 2 being greater than a given value obtained from the v 2 distribution (for the appropriate number of degrees of freedom). If this probability, p, is lower than a predetermined cutoff value, the solution is rejected and it is concluded that the selected model is unable to describe the measured data (AeschbachHertig et al. 1999 ). This approach allows assessment of the likelihood that differences between modeled and measured values result from experimental error. In this study, solutions with p , 0.05 are rejected. The gas solubility data used in the NOBLE90 calculations were from multiple sources (Clever 1979; Weiss 1970 Weiss , 1971 Weiss and Kyser 1978) . Additional details of NOBLE90 are given by Aeschbach-Hertig et al. (1999, 2000) and Peeters et al. (2002) . Measured He, Ne, Ar, Kr, and Xe concentrations were fitted by UA, PR, and CE models using NOBLE90 to solve for excess air, degree of excess air fractionation (in CE and PR models only), and recharge temperature. Additional modeling using only measured Ne, Ar, Kr, and Xe concentrations was also done. For all modeling, the recharging water was assumed to be fresh (S ¼ 0) and the mean atmospheric pressure from the local NCDC meteorological station was used.
Degassing of ground water after recharge impacts interpreted (modeled) values of recharge temperature and excess air. Visser et al. (2007) examined the impact of saturated zone degassing on calculated 3 H-3 He ages, but did not model NGT. Aeschbach-Hertig et al. (2008) reported success in modeling undersaturated ground water samples from both the laboratory and a well using solubility-controlled degassing. To explore the impact of degassing on NGT, a separate modeling study was conducted. Hypothetical/synthetic dissolved noble gas data representative of site ground water conditions (T ¼ 19.0°C, P atm ¼ 0.991 atm, S ¼ 0, ÁNe ¼ 30%) were generated-both unfractionated (UA model) and fractionated according to the CE model (F ¼ 0.65 and 0.75). The representative gas concentrations were subsequently degassed by both the DS1 and DD models. The degree of degassing ranged from 0 to -10% ÁNe. The degassed samples were then modeled using the CE and UA models.
Results and Discussion
Soil-Gas Pressure
Soil-gas pressure data show pronounced diurnal and seasonal fluctuations (Figure 2 ). Atmospheric pressure data from the nearby NCDC station closely track the measured soil-gas pressures, with few exceptions. Each instance of soil-gas pressures deviating from atmospheric pressures can be linked to irrigation events during which soil-gas pressure beneath the irrigated field increased 0.001 atm and subsequently dissipated in ,12 h (Figure 2c ). No measurable pressure gradient was found between the atmosphere and the unsaturated zone except during irrigation events, and no measurable vertical pressure gradient existed within the unsaturated zone during irrigation events.
Water Table
High frequency measurements of water table depth at all wells were not made. However, water table measurements made during sampling and matric potential measurements indicate that the water table beneath irrigated fields commonly rose by~0.1 m in the days following an irrigation event. The annual water table range beneath irrigated fields was~0.5 m. Because of its location between two irrigation wells, 3S responded differently. The water table at 3S was drawn down~1 m during irrigation events.
When the irrigation canal adjacent to 5S1 was filled, there were small (,0.2 m) daily to weekly water table fluctuations at 5S1, most likely caused by the fluctuations in the canal's water level. The water table at 5S1 was lowest during winter (canal empty) and had an annual range~1 m.
Temperature
Measured subsurface temperature data show both the lag and damping of seasonal temperature fluctuations with increasing depth in the soil column (Figure 3 ).
Variations in WTT across the site (Figure 4) are likely related to differences in vegetation/crop type, irrigation (amount, timing, heating of irrigation water before infiltration), and depth to water table. Both 2S and 3S are located at the edges of irrigated fields. The 2S temperatures are higher than those at 3S and lag slightly (seasonal peaks occur later at 2S). The small lag difference is attributed to the water table at 2S being~0.8 m deeper than at 3S. Higher temperatures at 2S are likely the result of greater heating of irrigation water before infiltration. Greater heating is caused by irrigation practices (water standing in 2S field longer) and location (2S is midway down the length of the field and 3S is at the end of the field from which water is applied). Virtually all irrigation events occurred when air temperatures were greater than WTT. irrigation canal. The lack of variability of these samples may indicate a relative lack of mixing and therefore less impact by agricultural activity.
The most 18 O enriched monitoring well sample was 6S3 (-11.0&), the shallowest monitoring well within the dairy farm operations area. The enrichment at 6S3 is likely caused by evaporative enrichment of nearby manure lagoon water (range -10.2 to -9.9&, n ¼ 4). Evaporative enrichment most likely occurs at manure lagoons as well as in the flood irrigated fields.
Repeated application of various different water types-shallow ground water, imported Kings River water, and liquid manure-to fields limits the use of 18 O in this study. However, the 18 O data verify the importance of irrigation canal leakage as a source of recharge. These data also suggest that imported water may be a significant contributor to 1S recharge.
Dissolved Noble Gases
Dissolved noble gas data were collected between August 2003 and August 2005 (Table 2 ). Analyses were completed on a number of duplicate samples. Some duplicate analyses did not reproduce initial results; however, results from individual wells were generally comparable (,10% difference), if not within the stated analytical uncertainty. The differences between duplicates are most likely associated with sampling rather than with laboratory analysis. Sampling ground water for dissolved gases is challenging at shallow depths because of low pore pressures. The differences in Kr and Xe between duplicates were most often minimal (less than analytical error); therefore the impact on calculated NGT was minimal.
Undersaturation
Several samples have gas concentrations below equilibrium gas solubility (e.g., samples from 1S2 and 2S4), indicative of degassing caused by gas stripping (i.e., removal of dissolved noble gases from solution by partitioning into an initially noble gas free bubble). The low measured gas concentrations are inconsistent with decreased equilibrium concentrations caused by high salinity, high temperature, or low pressure.
Many scenarios can result in ground water degassing by gas stripping. Denitrification-produced N 2 is reported in various studies to cause ground water degassing (BlicherMathiesen et al. 1998; Dunkle et al. 1993; Mookherji et al. 2003; Visser et al. 2007 ). Strongly anoxic conditions can lead to gas stripping by exsolution of methane (Fortuin and Willemsen 2005; Puckett et al. 2002) . Methane production at hydrocarbon contaminated sites (Amos et al. 2005 ) and landfills (Solomon et al. 1992) can also cause degassing. Recent laboratory studies confirm the ability of biogenic gases to strip other gases from solution (Amos and Mayer 2006; Istok et al. 2007 ). Klump et al. (2006) reported slight undersaturation of dissolved gases in ground water and attributed it to gas stripping by CO 2 or CH 4 or both.
The location of subsurface gas production affects whether or not degassing occurs. If gas production occurs deep in the saturated zone, degassing is less likely to occur because increased hydrostatic pressure at greater depths forces the produced gas to remain in solution rather than form bubbles. However, if gas production occurs within a few meters of the water table, gas bubble formation is more likely (Visser et al. 2007) . Because the main sources of gas production tend to be reactions in anoxic conditions (e.g., denitrification and methanogenesis), the shallower the redox cline, the more favorable it is for degassing to occur. The redox cline at this site is~11 m bgs, which is~6 m below the water table ).
There is no evidence for methanogenesis occurring in the shallow ground water; however, manure lagoon waters are methanogenic . McNab et al. (2007) suggested that observed Ar undersaturation in 2S samples is caused by CO 2 or CH 4 bubbles stripping previously dissolved gases within manure lagoon water before its infiltration. However, this explanation cannot account for the undersaturated samples at wells farther from the manure lagoons (e.g., samples from 3S4 and 5S1).
Ample evidence for denitrification at the site exists, but the observed N 2 excess caused by denitrification is less than expected for the observed nitrate concentration declines ). As Singleton et al. (2007) suggest, the lack of mass balance may be the result of N 2 loss from the saturated zone, which would strip noble gases from the ground water. Therefore, all samples below the zone of denitrification (generally 11 to 12 m bgs) may have undergone some degree of degassing. Such degassing may not be immediately noticeable if the initial excess air dissolved during recharge is greater than the amount of gas lost during degassing, but the interpreted recharge conditions could be inaccurate if degassing is not taken into account. Degassing by denitrification may help explain the measured undersaturation at 1S and 2S.
Gas stripping may be controlled by gas solubility (Equations 9 and 10) or by diffusion (Equation 11). The difference in gas concentrations between the processes is most relevant for light gases (i.e., He, Ne). The data suggest that solubility controlled degassing (DS1 and DSC models) occurs at 2S4 ( Figure 5 ). There is also other evidence (stable isotopes of dissolved inorganic carbon) indicating that 2S is impacted by manure lagoon recharge , suggesting that some 2S4 degassing occurred within the manure lagoons before infiltration. There may be some diffusive degassing at other locations (e.g., 1S2); however, determination of the process causing degassing would benefit from isotopic analyses .
The two undersaturated samples from 5S1 occurred during a time of little or no recharge (i.e., no irrigation in the nearby field and the canal had been empty for months). Samples from 5S1 taken when the canal was full were not undersaturated. There are no indications of reducing conditions at 5S1. Low nitrate concentrations are associated with low chloride (Table 1) , indicating the dominance of low salinity recharge from the irrigation canal. Much of the land in the area is subject to intensive agriculture, including the application of cattle manure as fertilizer, which provides organic carbon. Undersaturation at 5S1 may be a result of gas stripping by CO 2 ; however, more detailed analyses are required to conclusively establish the cause of the undersaturation at this location.
Noble Gas Temperatures
The measured subsurface temperature data allow a direct comparison of modeled NGT to WTT. Ground water flows along complex and shifting paths because of intense but ephemeral pumping from relatively shallow irrigation wells in and around the study site. Therefore, it is particularly difficult to identify the recharge area for anything but the shallowest ground water. Furthermore, even if the recharge area of a deeper well were clearly identifiable, degassing could affect the calculation of NGT. For these reasons, samples from the shallowest well at each field location (wells 2S1, 3S1, 4S1, and 5S1) were considered separately.
The water table at the shallow wells was generally 2 m above the screens. There were no temperature sensors at 4S, but it is similar to locations 2S and 3S. Of the nine shallow well samples, two-both of which are from 5S1 when the canal was dry-are slightly undersaturated ( Figure 6 ) and therefore are not discussed here. When modeled with all five gases (He, Ne, Ar, Kr, and Xe), none of the remaining seven samples was rejected as a poor fit by the PR model, but two of the seven samples were rejected as poor fits by the CE model (Figure 7 and Supporting Information Table S1 ). The superior fit of the PR model to the shallow well data suggests that some diffusive degassing may occur; however, isotope data are necessary to evaluate this . Most studies report that the CE model gives a superior fit to the PR model . For those samples fit by both the CE and PR models, differences in NGT were small. The UA model produces systematically lower NGT than the CE or PR models (as discussed by Cey et al. [2008] ). The DD model produces even lower NGT, which are generally lower than measured temperatures, indicating its inappropriateness for modeling these wells (Figure 7) . It is clear that the ability of a given model to adequately fit measured data is not evidence that the model reflects the actual gas dissolution process (Aeschbach-Hertig et al. 2000; Cey et al. 2008) .
The NGT of all shallow well samples are generally midrange of their WTT at each location, with the exception of 5S1 (Figure 7) . Well 5S1 NGT are at the low end of the range of WTT, which is consistent with recharge occurring only during summer months when WTT are coolest (Figure 4) . These results confirm the ability of NGT to match actual recharge temperatures. Localized recharge conditions-such as strong seasonal variations in recharge as at the irrigation canal (i.e., 5S1)-are distinguishable based on NGT. The recharge regime at the canal is also unique because it consists of extended periods of either no recharge or consistent, relatively high head recharge. In contrast, the field sites have relatively uniform recharge flux as a result of many shortterm recharge pulses (primarily irrigation events). The difference in recharge regimes was not apparent from the amount of excess air or the degree of fractionation.
There is uncertainty regarding the recharge location of the deeper wells. It is expected that ground water sampled in this study was recharged at or near the site under conditions similar to those measured at the site because land use in the vicinity of the site is representative of regional land use. The range of all WTT at the site is from~17°C to~21°C (Figure 4) . The NGT are consistently midrange with the exception of 1S wells (Table S1 ). The average CE model NGT of 1S samples is 14.8°C compared with an average of 18.7°C for all other samples. Despite the difference in NGT, 1S samples are not distinctive in either their amount of excess air or their excess air fractionation. There is no evidence of unique agricultural practices near the 1S site, nor is there any evidence of pronounced differences in geology, but the possibility of localized spatial differences cannot be completely ruled out. Samples from 1S are more depleted in 18 O than virtually all other samples (Table 1) . The low NGT and depleted 18 O-similar to well 5S1-suggest that the recharge source may be imported irrigation water. However, the NGT are still less than any WTT measured at the site. Irrigation lowers summertime ground temperature (Barnston and Schickedanz 1984; Bonfils and Lobell 2007) , so it is possible that areas which recharge 1S wells could have different irrigation or cropping histories that depress WTT locally. Additionally, the modeled NGT may be erroneously low owing to partial degassing of the ground water after recharge (discussed in the following section). The exact cause of the low NGT is unclear, but it is clear based on dissolved noble gases and 18 O that 1S ground water is distinct from the ground water produced at the other well sites.
The ability of NGT from the CE and PR models to match measured WTT conditions at all but 1S confirms that the models are useful for the purposes of NGT calculation. The results of the PR and CE models are comparable, but additional data are required to establish the processes controlling gas dissolution. Caution is necessary when using such models to interpret dissolved gas data because goodness-of-fit is not an appropriate indicator of model validity.
Modeling Effects of Degassing on NGT
The impact of degassing on NGT was explored in a separate modeling exercise using hypothetical/synthetic dissolved noble gas data representative of measured data. The degree of degassing ranged from 0 to -10% ÁNe.
The maximum degassing of -10% ÁNe is comparable to that associated with denitrification at the site based on the mass balance calculations of Singleton et al. (2007) (i.e., degassing caused by~100 mg/L of nitrate denitrified 6 m below the water table) . Results indicate that recharge temperature as fitted by the CE model can deviate appreciably from the original recharge temperature at modest levels of degassing (Figure 8a ). The largest deviations are associated with (1) strong excess air fractionation and (2) diffusive degassing. The CE modeled recharge temperatures of the degassed samples underestimate the original recharge temperature for initially strongly fractionated excess air (F ¼ 0.75), but not for less fractionated excess air (F ¼ 0.65). The degree of fractionation is critical to the bias in modeled recharge temperature. Excess air fractionation during ground water recharge is common, with multiple studies reporting strongly fractionated excess air (F . 0.7) Figure 8 . Impact of degassing on calculated NGT. These synthetic samples had excess air added (DNe = 30%), some unfractionated and others fractionated according to the CE model (both F = 0.65 and 0.75). Samples were then degassed by various amounts according to the DS1 and DD models. The resultant gas concentrations were then modeled by the CE and UA models. Panels (a) and (b) show the difference between original recharge temperature (19°C) and modeled recharge temperature after degassing. Panels (c) and (d) show model goodness-of-fit (probability of v 2 being greater than a given value obtained from the v 2 distribution for the appropriate number of degrees of freedom). Panel (e) shows the modeled CE fractionation parameter, F (note that the UA model is a limiting case of the CE model in which F = 0). (Aeschbach-Hertig et al. 2000 , 2002b Hall et al. 2005) . The errors in interpreted recharge temperature are slightly greater when degassing is controlled by diffusion rather than solubility. The prevalence of diffusive degassing is uncertain, because most studies indicate that gas solubility rather than diffusion controls both dissolution and degassing (Visser et al. 2007) . However, there is some evidence for diffusive degassing at this site based on elemental ratios (1S2, Figure 5 ).
As shown in this study and in previous work (BlicherMathiesen et al. 1998; Dunkle et al. 1993; Fortuin and Willemsen 2005; Klump et al. 2006; Mookherji et al. 2003; Puckett et al. 2002; Visser et al. 2007) , ground water degassing can occur in a variety of settings. Minor degassing in the saturated zone after ground water recharge may help explain the NGT biases reported by Castro et al. (2007) and Hall et al. (2005) .
Application of an incorrect interpretive model can result in substantial error in the modeled recharge temperature, especially for samples with strongly fractionated excess air (Figure 8b ). The UA model systematically calculates lower recharge temperatures than the CE model (Aeschbach-Hertig et al. 2000; Cey et al. 2008) ; therefore, modeling samples with fractionated excess air using the UA model results in underestimation of recharge temperature. This is true regardless of the amount of degassing, including the case of no degassing.
Caution is necessary when applying interpretive models to deduce recharge temperature from dissolved noble gas data. Application of a model that is not representative of the actual gas dissolution process may yield erroneous results. The occurrence of degassing after recharge may also result in erroneous recharge temperatures. Model goodness-of-fit is not necessarily indicative of model appropriateness (Figure 8c and Figure 8d ). Even models that match measured data well may be seriously biased.
Conclusions
The study examined dissolved noble gases in shallow ground water at an agricultural site. The local hydrologic regime is heavily impacted by both pumping of ground water from a shallow unconfined aquifer and importation of surface water for irrigation. Measurements of soil-gas pressure and subsurface temperature defined conditions under which recharge occurred.
Samples from multiple wells had dissolved gas concentrations below equilibrium concentration with respect to atmospheric pressure. The most plausible explanation for the undersaturated samples is degassing caused by gas stripping. Multiple gas stripping processes occur at the site (1) within methanogenic liquid manure lagoons, which subsequently recharge, and (2) in the saturated zone because of denitrification and possibly also CO 2 exsolution. The degassing observed has the potential to bias NGT. Hypothetical samples were modeled to explore the possible effect of degassing on interpreted NGT. Results indicate that relatively minor degassing (,10% ÁNe) may cause bias of 2°C. Such errors are problematic because the degassing may be masked by excess air and the degassed samples may be fit by a model with a high degree of certainty. These findings have implications for paleoclimate research because based on NGT data the temperature difference since the LGM is 5°C to 7°C . Therefore, caution is necessary when using NGT in paleoclimate work.
The role of recharge regime on dissolved noble gases was also examined. There are two recharge regimes occurring at the study site: (1) focused, higher flux recharge from irrigation canal leakage during spring and summer only (little to no recharge in fall and winter) and (2) lower flux, spatially and temporally uniform recharge caused by regular flood irrigation. There was no measurable difference in excess air characteristics (amount and degree of fractionation) between the two recharge regimes studied.
The study examined the relationship between calculated NGT based on dissolved noble gases and directly measured WTT. The complexity of ground water flow and the potential for degassing to affect NGT required that only shallow wells be used to compare NGT to WTT. The NGT from both the CE and PR models reflect the measured WTT conditions. This finding supports the use of dissolved noble gases to deduce recharge temperatures. Before this study, field-based experimental confirmation was lacking despite decades of NGT applications.
Although NGT reflect WTT, careful application of interpretive models is required because multiple gas dissolution/exsolution processes may contribute to measured dissolved gas concentrations in ground water. A particular model may be fit to measured data, but this does not necessarily mean that the physical gas dissolution process is accurately represented or that the model results accurately represent recharge conditions. Therefore, caution is necessary when interpreting dissolved noble gas data. landowner for access to the study site. This paper benefited from the insightful and constructive comments of Drs. Kip Solomon and Stephen van der Hoven, and two anonymous reviewers.
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